In the past decades, glass-ceramics embedded with nanocrystals have been proved to be one kind of the most promising photonic materials for applications in optical amplifiers, tunable solid-state lasers, luminescent solar concentrators and up-conversion luminescence devices, etc. Transition metal ions and rare-earth ions singly or co-doped glass-ceramics with excellent optical properties have been developed in laboratories, and some have achieved industrialization. In this review, we highlight our recent research achievements on the design and control of the optical properties of transition metal ions and rare-earth ions doped glassceramics etc. The important properties such as multicolor luminescence, broadband near-infrared emission and optical amplification are discussed. These studies are not only helpful for understanding the optical properties of active luminescent centers doped glass-ceramics, but also valuable for the fabrication of optical devices.
Introduction
Glass-ceramics (GCs) are polycrystalline material with an amorphous phase and one or more crystalline phases and are produced by controlled crystallization of base glass. 1) Since the precipitations in the GCs are in micro-or nanometer size and the refractive index difference between precipitations and amorphous phase is small, the samples can retain their high transparency. 2) GCs are mostly produced as follows: First, glass is formed by melting-quenching process. The glass is then heat-treated to partly crystallize. In most cases nucleation agents are added to the base composition of the GCs to promote and control the crystallization process. Because there is usually no pressing or sintering, GCs have, unlike sintered ceramics, no pores. The first GCs material was developed by the research group headed by Stookey at Corning Inc.
3) Based on this fundamental work, a large variety of different GCs have been developed and the mechanisms of their formation were studied by Beall, 4) Pannhorst, 5) McMillan, 6) Zanotto, 7) James, 8) Weinberg, 9) Uhlmann, 10) Gutzow, 11) Vogel 12) and Komatsu 13) et al. Höland and Beall have summarized the developments in the field of GCs fabrication and the special properties, microstructures, and applications of these materials. 14) Recently, luminescence active centers, such as transition metal (TM) ions (Ni 2+ and Cr 4+ ions) doped GCs have attracted a lot of interests due to their advantages over corresponding ceramics or glasses. 15 ),16) TM ions are important activators since they exhibit broadband near-infrared (NIR) emission with high quantum efficiency in crystals, 17) , 18) whereas it is difficult to draw crystals into fibers. Glasses can be easily obtained as large size bulk and also be easily drawn into fibers. Unfortunately, TM ions in glasses show very weak or even no luminescence, since nonradiative decay processes dominate the relaxations of the excited state of TM ions in glasses. 19 ), 20) So it is significant to design TM ions doped matrices which can be easily fabricated into fibers and also be active hosts for TM ions. The GCs with the advantages of both glass (such as easy fabrication) and doped crystals (such as optical activity) have been proven to be the promising materials for various photonic applications. We have systematically studied the optical properties of various active centers doped GCs. 15 ),16),21)32) Based on these studies, we designed and controlled the precipitation of the nanocrystals, the distribution of the active centers in the glass phase and crystal phase, and the energy transfer process between luminescence centers, to achieve various performances for applications in optical amplification in telecommunication transmission window, and multicolor luminescence etc.
GCs for NIR optical amplification
The fast developments in the field of computer network and telecommunication technology created huge demand for optical fiber transmission technology with high speed and high capacity. Recently, great progress has been achieved in the OH elimination of silica fibers, and as a result, the telecommunication transmission has been extended to the range from 1.2 to 1.7¯m. 23) Therefore, considerable effort has been devoted to the development of optical fiber amplifiers which can be used to produce optical gain at different communication bands. For examples, erbium (Er)-doped fiber amplifiers provide gain in the C band (15301565 nm), L band (15701605 nm) and S band (1450 1520 nm). 33) Some other types of the amplifiers such as thulium (Tm)-doped amplifier in the S band (14501520 nm) and praseodymium (Pr)-doped amplifier in the O band (12601360 nm) were also developed. 34 ), 35) If we want to realize optical amplification in the whole telecommunication window by using rareearth (RE) ions doped amplifiers, the only way is to combine different types of existing amplifiers. So the broadband amplification in the whole telecommunication region by using only a single fiber would be expected to simplify the configuration of optical amplifiers and revolutionize the present telecommunication systems. Recently, we have demonstrated that Ni ions, 22) ,25),27),29) Cr 4+ ions 16) and PbS QDs 32) doped GCs are promising candidates for such application.
Ni ions doped GCs for broadband optical amplification
Ni 2+ -doped GCs with stable valence state and excellent optical properties have received considerable attention for their applications in broadband optical amplifiers. Ni 2+ ions doped GCs with optical gain of 1.12 at 1300 nm have been reported by our group. 15) However, the optical properties of such material can still be improved. We carried out a series of experiments, and proved that the optical properties of Ni 2+ ions doped GCs can be optimized through control of nanocrystal size; 22) tailoring of the local ligand field around the active center; 25) and co-doped with TM ions (Cr 3+ ions) 27) and RE ions (Yb 3+ ions).
29)
2.1.1 Crystal size control in Ni 2© ions doped GCs
One of the most remarkable properties of GCs is that the size of crystals in GCs is usually in nanometer region. So, special rules and characteristics in the nanometer scale, such as the particle size dependence of optical and spectroscopic properties, may also operate in GCs. We demonstrated the tunable infrared luminescence in Ni 2+ doped high-gallium nanocrystals embedded GCs by finely controlling the size of nanocrystals. 22) Glass sample with composition of 13Li 2 O23Ga 2 O 3 64SiO 2 (mol %) (LGS) doped with 0.1 mol % NiO were prepared by a conventional meltquenching technique. Heat treatment was carried out in the temperature range from 680 to 770°C for 2 h. The XRD peaks become narrower with increasing annealing temperature, indicating the effective control of the physical dimension of crystalline phases. From the width of XRD peaks, the size of nanocrystalline £ -Ga 2 O 3 can be estimated using the DebyeScherrer equation. The average sizes, calculated from the strongest peak (311) at 2ª = 36.19°, are about 4.8, 7.5, 8.9, 10.5 and 11.7 nm for the GCs annealed at 680, 700, 725, 750 and 770°C, respectively. We carried out TEM test on the GCs heat treated under different temperatures. According to diffraction patterns, the crystal nanoparticles are randomly oriented. Only a few bright dots are observed in the dark field image because only those crystal particles (bright dots) have the same orientation in this direction. It is seen that the nanoparticles are mono-dispersed in the matrices and the average size of them is changed obviously when the annealing temperatures increased from 680 to 770°C. It demonstrated that the size of nanocrystalline phases can be tuned effectively. Figure 1(a) presents the results of the nanocrystal size-sensitive optical properties. Interestingly, the emission wavelength shifts from 1280 to 1240 nm as the crystal size increases with temperature increments. The dd transitions of the TM ion are very sensitive to the local environment which the TM ion occupies. The tunable luminescence is interpreted due to the adjustment of local environment when the crystal size changes. To support this interpretation, the crystal field strength 10Dq and Racah parameter B of Ni 2+ in different samples were calculated according to the expressions acquired by solving the Tanabe Sugano matrix: . This may result in a blue shift in the infrared luminescence. The broadband amplification was also demonstrated from 1272 to 1348 nm with 980 nm LD as the excitation source using a traditional two-wave mixing configuration. The highest optical gain value at 1300 nm was 1.12 when the excitation power was 1.12 W. The tunable luminescence is one of the most important characteristics of the gain matrix for broadband amplifier, and has been studied in various gain materials. 37) , 38) The acquired shift range of 40 nm in this study is large since the luminescence bandwidth of RE ion doped materials is often less than 100 nm. The tunable luminescence shown in this study demonstrates that the presented way may be an alternative effective approach to the design of novel photonic materials by utilization of nanostructures in glass matrixes.
Tailoring of the local ligand field in Ni 2© ions doped GCs
Functional light sources with tunable wavelength and ultra broadband characteristics have been intensely researched in recent years, due to their diverse range of potential applications, such as high efficiency solid state lighting, biological labeling, and photoelectronic and photonic devices. 39)41) We firstly reported the design and successful fabrication of NIR luminescent nanostructured materials with tunable and ultra-broadband luminescent characteristics by using only one isolated center® Ni 2+ . 25) A thorough knowledge of the distribution characteristics of various energy levels is of key importance in controlling the electron transitions between them. According to the Tanabe 
Sugano diagram of octahedral Ni
2+ , a decrease in the crystal field strength (Dq) may result in a reduction of the transition energy from the excited state levels to the ground state level. 42) Furthermore, the theoretical prediction suggests that Dq is inversely proportional to the fifth power of the inter-nuclear distance between the TM central ions and the surrounding ligand, based on the following expression:
Where q is the charge of the ligand, r is the radius of the 3d shell and R is the distance from the center of the TM ions to the ligands. 43) That is to say, the electron transition characteristics of the central ions can potentially be tuned via control of the nature of the metal-ligand interactions.
Two Fig. 2 , we can see that after heat treatment, the GCs can still keep high transparence. Based on the absorption bands and the TanabeSugano matrix, we calculated the crystal field parameters and the fitted energy levels of Ni 2+ ions in GGO and BASO GCs. The estimated crystal field strength of Ni 2+ in the GCs is close to that in crystals but larger than those in asprepared glasses and other reported glassy materials, 44) suggesting that Ni 2+ ions occupy the crystalline lattice positions in GCs. The importance of occupation positions and crystal field parameters control for tailoring the luminescent properties of Ni 2+ is demonstrated in Fig. 3 , which shows the NIR luminescence spectra of GGO and BASO glass and GCs. The emission peaks show obvious red shifts from high energy (1300 nm) to low energy (1450 nm) bands in GGO GCs and even to 1570 nm for BASO GCs, indicating the effective control of luminescence properties to the extent that the luminescence covers the whole NIR region. The results of tunable and ultra-broadband luminescence can be understood from the absorption spectra. For Ni 2+ doped as-prepared glass samples, the infrared non-luminous phenomenon is due to the radiative electronic transitions in the wavelength region between 12001800 nm being incompatible with the broad absorption in this band. Once Ni 2+ ions are incorporated into nanocrystals in GCs, they occupy regular crystal lattices with strong crystal field strength and exhibit an absorption spectrum variation associated with the presence of a characteristic peak around 1200 nm. The absorption band can be ascribed to the transition from ground state,
Cr
3© /Ni 2© co-doped GCs for enhanced NIR emission Cr 3+ ion is an attractive sensitizer, because its broad and strong absorptions in the visible region overlap well with the emission wavelength of lamps with high power. 45 ions doped glass ceramic is also demonstrated for the first time. 16) Glass with composition of 48SiO 2 24Li 2 O16ZnO8Al 2 O 3 3K 2 O1P 2 O 5 0.1Cr 2 O 3 (mol %) was prepared. After two-step heat treatments at 540°C for 2 h and 700°C for 1 h, Li 2 ZnSiO 4 nanocrystals are formed inside the glass sample. Figure 5(a) shows the XRD patterns of the as-prepared glass and GCs. The result shows that the as-prepared glass is completely vitreous with no sharp diffraction peaks, while some diffraction peaks were observed in the GCs. The diffraction patterns can be assigned to the crystal phase Li 2 ZnSiO 4 (JPCDS card 24-0681). From the HRTEM image shown in the inset of Fig. 5(a) , we can see that spherical crystals with 5 nm diameter are formed uniformly inside the glass matrix. From the differences in the absorption spectra before and after heat treatment process, we concluded that the valence state of chromium ions changed form trivalent to tetravalent, and also Cr 4+ enter the nanocrystals. These valence state change and surroundings environment change of chromium ions caused the sample color change from light green for as-prepared glass to dark green for GCs. Using an 808 nm excitation source, we measured the steady emission spectra of the as-prepared glass and GCs, as shown in Fig. 5(c) . No apparent emission was detectable in the as-prepared glass. However, the intense emission at 1210 nm with FWHM near 240 nm was observed in the GCs. This broadband emission is assigned to the spin-allowed transition from the low-lying excited state to ground state as 3 T 2 ¼ 3 A 2 of tetrahedral Cr 4+ . It can be inferred that the heat treatment leads to local structural change around Cr 4+ ions from disordered to well organized tetrahedral coordinate structure. The fluorescence lifetime at 1210 nm is about 90¯s, which is several times longer than the values reported in the Cr 4+ doped phosphors at room temperature. We used traditional two-wave mixing configuration for internal gain measurement. The wavelength dependent optical gain is shown in Fig. 5(d) . The wavelength was from 1275 to 1350 nm, while the pumping source was 0.8 W LD at 808 nm. It can be observed that the measured spectral dependence of the optical gain closely resembles that in the fluorescence spectra. The optical gain and gain coefficient at 1275 nm with 0.80 W were calculated to be 1.21 and 1.27 cm
¹1
, respectively. The results show that transparent GCs containing Cr 4+ doped Li 2 ZnSiO 4 can be used in broadband optical amplifier and tunable laser.
PbS QDs doped GCs for broadband optical amplification
Quantum dots (QDs) have attained considerable attention due to their unique electronic and optical properties. Based on their quantum confinement effect, QDs show a variety of size dependent properties, which exhibit potential applications in the areas of lasers, saturable absorbers, bio-labels, light emitting diodes (LED), etc. 52)54) Among various QDs, lead chalcogenide QDs have similarly small effective masses between electron and hole.
The large confinement energy is split about equally between electron and hole carriers, leading to easily obtained strong confinement effect. 55) We used PbS QDs doped GCs to realize controllable NIR luminescence, and optical amplification at third (1.55¯m) and second (1.33¯m) communication windows. 32) The SiO 2 B 2 O 3 K 2 OBaOZnO glass system with 1 and 1.5 mol % PbS (labeled as P1 and P1.5) were prepared using the melt-quenching method. ZnS and PbO are also used to replace PbS as starting materials in another sample (labeled as Z2) for comparison. After heat treatment at 525620°C for 24 h, PbS QDs were formed inside the silicate glassy matrix, which can be confirmed by the diffraction peaks in the XRD patterns. From the TEM images of P1 and Z2 GCs heat treated at 580°C for 24 h, we can see that the particles are approximately spherical, which are densely distributed in both GCs. The diameter of QDs in P1 GCs is between 3 and 8 nm, with an average diameter of ³5.7 nm. Based on the HRTEM image of one single PbS QD, the lattice constant is calculated to be 0.21 nm, which is assigned to the (220) plane of cubic PbS crystals. The average diameter of PbS QDs in Z2 GCs is ³4.6 nm, and the size distribution of PbS QDs is more uniform than that of P1 GCs.
Photoluminescence spectra of PbS QDs doped GCs are illustrated in Fig. 6(a) . For the P1.5 GCs heat treated at 550, 575, and 600°C for 24 h, the central wavelength of emission band shifts from 1370¼1705¼1795 nm. While the FWHM increases from 220¼300¼350 nm. With the increase of heat treatment temperature, PbS QDs grows larger, which will result in the red shift of photoluminescence emission band. The size distribution of PbS QDs in GCs also becomes wider. This will broaden the FWHM of emission band. In P1 GCs with less concentration of PbS, red shift and broadening of emission band is also observed. The FWHM of Z2 GCs heat treated at 580, 600, and 620°C for 24 h is about 220, 260 and 285 nm, respectively, which is also narrower than that of P1.5 and P1 GCs. The change of emission band of Z2 GCs can be elucidated from the role of ZnO (ZnS) in glasses during the formation and growth of PbS QDs. The detailed explanations can be found in. 32) The optical amplified signals at 1.55¯m of PbS QDs doped GCs are measured by the traditional two-wave mixing configuration for the first time. In P1 GCs, when the excitation power is directed as 730 mW, the optical gain, g is about 1.26. With the increase of excitation power, the g value increases linearly in logarithmic form. When the excitation power reaches 830 mW, the optical gain is as large as 1.97. For Z2 GCs heat treated at 600°C for 24 h, the optical gain is about 1.34 and 2.89 with the excitation power of 730 and 830 mW, respectively. Both optical gain, g and the slope efficiency (vs. excitation power) of Z2 GCs are obviously larger than those of P1 GCs. Due to the uniform size distribution of QDs in Z2 GCs, the PL intensity will enhance while the optical loss decreases. Therefore, PbS QDs doped Z2 GCs will exhibit a higher optical gain. Since the optical amplification is obtained at the exciton ground state transitions, it can be deduced that the ultrabroad band optical amplification can be achieved in PbS QDs doped GCs.
Bi/Ni co-doped GCs for bandwidth engineering
The fabrication of new luminescent materials that exhibit wide emission is highly desirable for applications in fields such as solid-state lighting and optical tomography. 56) In principle, a single matrix co-doped with multiple luminescent centers may display a flat emission profile. However, co-doping also introduces the complication of unwanted energy transfer between different active centers, which will lead to serious energy cross- Teng et al.: Glass-ceramics for photonic devices relaxation that induces luminescence quenching. 28) Since the energy transfer between different active centers strongly depends on the separation distance, we used mutual isolation through selective incorporation of one active centers into nanocrystals to efficaciously suppress the energy transfer between different active centers, resulted in much broader and flatter NIR emission in GCs. 31) Glass samples with matrix composition 58SiO 2 21ZnO 13Al 2 O 3 5TiO 2 3Ga 2 O 3 (ZAS) and doped with 0.1 mol % NiO (marked as Ni-glass), 0.5 mol % Bi 2 O 3 (marked as Bi-glass) and co-doped with 0.1 mol % NiO and 0.5 mol % Bi 2 O 3 (marked as BiNi-glass) were prepared. After heat treatment at 680°C for 5 h (for nucleation) and 820°C for 12 h (for crystal growth), ZnAl 2 O 4 nanocrystals were formed inside the glass matrix. Figure 7(a) shows the XRD pattern and TEM image of the glass sample and the GCs. After heat-treatment, diffraction peaks can be clearly observed in all of the nanocrystallized samples, and they agree well with those of ZnAl 2 O 4 spinel (ICCD Card File No. 5669). All of the three samples exhibited a similar crystallite size, of around 6 nm calculated from the Scherrer equation. From the micro-EDS measurement shown in Fig. 7(b) , we can see that Ni signal could only be observed in crystalline regions and was almost absent in glassy regions. Moreover, a relatively high concentration of Bi (0.81 at.%) was detected in the glassy phase compared with the crystalline phase (0.40 at.%). From these results, we can conclude that after thermal treatment process, Ni 2+ ions are concentrated in the precipitated nanocrystals, while Bi ions are still located in the glass phase. Figure 7(c) shows the NIR luminescence spectra of as-made and GCs excited at 980 nm. Ni singly doped glass shows no emission in the NIR region, and the Bi singly doped and Bi/Ni co-doped glasses present a single band NIR emission with the central wavelength at 1100 nm. After heat treatment, the single band luminescence feature of Bi doped glass remains similar, while another single band NIR emission with the central wavelength at 1270 nm was detected in Ni singly doped GCs. Significantly, the co-doped GCs shows an ultra-broadband emission centered at 1160 nm with a FWHM of 350 nm. The observed unusual super-broadband NIR emission in Bi/Ni co-doped GCs is largely originated from the overlapping fluorescence of Bi and Ni active centers. This indicates that the selective incorporation of Ni 2+ ions into nanocrystals during nanocrystallization may lead to an effective isolation of Ni from Bi active centers, resulting in a significant suppression of energy transfer between them.
Schematic diagrams of the in situ nanocrystallization of the glass phase are shown in Fig. 8 along with partial energy level diagrams of Ni and Bi active centers summarizing the excitation, energy transfer, and radiative processes. Various types of dopants are in close physical proximity to each other in glass. In this situation, the energy transfer rate between Bi and Ni active centers may be extremely high. Nanocrystallization leads to a nanometric heterogeneity inside the amorphous phase and spatial segregation of Ni and Bi active centers, which can be expected to suppress energy transfer between them due to the increased average physical distance. Furthermore, the selective incorporation of Ni active centers into nanocrystals induces a dramatic alteration of their energy level configuration, which is basically originated from the change in their local coordination environment. Notably, the shift of energy levels causes a reduction in the extent of their overlap, and this is also believed to partially contribute to the decrease in energy transfer rate. The successful suppression of energy transfer inside co-doped GCs through nanocrystallization is highly attractive for improving the performance of glassy materials and even construction of novel functional light sources. For example, for valuation of gain media for tunable lasers and fiber amplifiers, stimulated emission cross section (· em ), bandwidth, and decay lifetime are exceptionally important parameters. The larger the value of · em © FWHM, the better the gain bandwidth. Moreover, the amplification gain is proportional to the value of · em ©¸, and the laser oscillation threshold is inversely proportional. 57) In our research, the values of FWHM and¸in Bi/Ni GCs were simultaneously enhanced compared with those of co-doped glass, indicating its promising application as an excellent gain medium for tunable lasers and fiber amplifiers.
Er/Ni co-doped GCs for controllable luminescence
The ability to manipulate the energy transfer process of active dopants in nano-materials is fundamental to photonic applications. 58 ), 59) In some important applications, the energy transfer must be reduced or absolutely prevented. For example, in highorder hybrid structures for broadband fiber amplifiers and multicolor volumetric displays, the performance of the system depends strongly on the degree of isolation of discrete dopants. 60) One possible solution to these problems is to engineer optical properties directly inside the bulk materials. We introduce an effective approach to control energy transfer between different active centers, based on in situ and simultaneous tailoring of the evolution of phases and the distribution of dopants in the glassy phase. 26) The glass sample with composition of SiO 2 /Na 2 O/Ga 2 O 3 / LaF 3 = 51/15/20/14 (mol %) were used in our experiment. After a two step heat treatment process, LaF 3 ) into Er 3+ doped sample makes it appear brown in color and leads to several broad absorption bands. The calculated increase of the crystal field strength follows the growth of Ga 2 O 3 , rather than that of LaF 3 . Meanwhile, spatially resolved energy-dispersive X-ray spectroscopy (EDX) measurements indicate that Ni 2+ could not be detected on the LaF 3 nanoparticles. These results firmly indicate the selective partition of Ni 2+ into Ga 2 O 3 nanocrystals. The success in selectively squeezing two types of homogeneously distributed emission centers into different, highly confined geometries by local structure arrangement provides a great convenience for construction of new multifunctional composites through design of the discrete functional components. For example, introduction of Er 3+ into the transparent GCs induces bright, switchable two-color luminescence, blue to green, simply by tuning the excitation wavelength from 262 to 378 nm, which benefits from the suppression of energy transfer between Ga 2 O 3 quantum dots and Er 3+ [Figs. 9(a) and 9(b)]. Energy transfer control in the obtained GCs offers another opportunity in the development of a broadband light source. In Er 3+ /Ni 2+ co-doped sample, it is interesting to find that the GCs treated at 740°C presents a unique ultra-broadband NIR emission under excitation with a single 980 nm laser diode, which covers the whole telecommunication low-loss window (12001600 nm) [ Fig. 9(c) Fig. 9(d) ]. This difference induces a decrease in the spectral overlap between the lowest excited states of Ni 2+ and Er 3+ which dominate the energy transfer, thus resulting in a reduction in critical distance and energy transfer probability. In total, two factors contributed to the reduced energy transfer efficiency. First is the increase in the average separation distance due to the self cataloging effect. The second is the decrease in the spectral overlap. The results shown here suggest that the strategy could be applied to fabricate a multifunctional light source with a broad range of important host/activator combinations and to construct various types of three dimensional active microstructures. 
Conclusion and outlook
In this review, the recent research findings carried out mainly in our group on the design and control of the optical properties of active centers singly doped and co-doped GCs were summarized. By controlling the size of the precipitated nanocrystals, tailoring of the local ligand field and co-doping with the second active center, we further optimized the optical properties of Ni 2+ doped GCs, such as stronger and wider NIR luminescence, to achieve better optical gain properties. We also realized the optical amplification in Cr 4+ ions and PbS QDs singly doped GCs. By in situ simultaneous tailoring of the phase evolution and dopant distribution in the crystal and glass phase, we demonstrated a novel and effective strategy to achieve energy transfer efficiency control between different active centers, resulted in tunable luminescence both in visible and NIR regions, as well as bandwidth broadening of NIR emission. These research findings could be used in optical fiber amplifiers, tunable solid-state lasers, 3D display application, etc. However, all these studies are still in the experimental stage only as far as the device application is concerned. In the future, more attention must be paid to the demonstration of the practical applications of these materials. For example, fabrication of optical fibers drawn from active centers doped GCs and their performance analysis in optical fiber transmission applications. For real applications, much more factors need to be considered during the fabrication process of GCs, such as the transparency of GCs, the optimized gain value, even the production costs. Meanwhile, more combinations of active centers and GCs matrix materials should be developed to achieve better optical properties.
